Abstract New Delhi metallo-b-lactamase-1 gene (bla NDM-1 ) codes for New Delhi metallo-beta-lactamase-1 (NDM-1) enzyme that cleaves the amide bond of b-lactam ring, and provides resistance against major classes of blactam antibiotics. Dissemination of the plasmid borne bla NDM-1 through horizontal gene transfer is a potential threat to the society. In this study, a rapid non-culture method for detecting NDM-1 positive bacteria was developed by Loop Mediated Isothermal Amplification (LAMP) of bla NDM-1 . Sensitivity of this method was found to be one femtogram of plasmid DNA, which translates into 2.6-25.8 copies depending on the size of the plasmid DNA. This method was applied to detect NDM-1 positive bacteria in 81 water samples that were collected from environmental and drinking water sources. NDM-1 positive bacteria were detected in three drinking water samples by LAMP but not by PCR. These three samples were collected from the water sources that were treated with chlorine for decontamination before public distribution. NDM-1 positive bacteria were not detected in lake water samples or in the samples that were collected from the water sources that were purified by reverse osmosis before public distribution. Detection of NDM-1 positive bacteria using LAMP was found to be safe, sensitive and rapid for screening large number of samples from diverse sources. This method could be developed as on-field detection kit by using fluorescent dyes to visualize the amplified bla NDM-1 gene.
Introduction
New Delhi metallo-beta-lactamase 1 (NDM-1) enzyme that confers multi-drug resistance is encoded by New Delhi metallo-beta-lactamase 1 gene (bla NDM-1 ) [1] . NDM-1 inactivates major classes of beta-lactam antibiotics including carbapenems by cleaving b-lactam rings. NDM-1 was reported in 11 different bacterial species including Escherichia coli, Klebsiella sp., Shigella boydii and Vibrio cholera [2] indicating the potential of horizontal gene transfer. NDM-1 producing bacteria were reported from several countries around the world [3] [4] [5] [6] [7] . World Health Organization (WHO) has urged all the countries to implement infection control measures to contain the spread of these bacteria. A sensitive and rapid method for detecting NDM-1 positive bacteria would be helpful in this effort.
Currently used carbapenem hydrolysis assay for detecting NDM-1 positive bacteria requires culturing of bacteria under stringent biosafety conditions, which is not easy to perform in normal laboratories [8] . PCR and Realtime PCR based methods for detecting NDM-1 positive bacteria were reported but they need special equipment [9] [10] [11] . LAMP is a novel isothermal gene amplification method that involves auto-cycling and strand displacement DNA amplification with help of Bst DNA polymerase and four to six specially designed primers [12] . LAMP does not require any special equipment and it is highly specific as the primers bind to six distinct regions within the target DNA. The reaction takes place at isothermal temperature, and hence, does not require a thermal cycler for target DNA amplification. LAMP products could be detected & M. Parani parani.m@ktr.srmuniv.ac.in 1 visually by turbidity or by using fluorescent dyes such as ethidium bromide, calcein, and SYBR Green [13] . LAMP was successfully established as a tool for detecting pathogenic bacteria and viruses from clinical and environmental samples [14] [15] [16] [17] [18] [19] . LAMP was used to detect the NDM-1 gene in sputum, urine and fecal samples [20] . In this study, a rapid method for detecting NDM-1 positive bacteria was developed from drinking and environmental water samples using LAMP based amplification of bla NDM-1 . Sensitivity of LAMP in detecting NDM-1 positive bacteria was compared with that of PCR. Subsequently, LAMP was used to screen for the presence of NDM-1 positive bacteria in environmental and drinking water samples without culturing the bacteria.
Materials and Methods
Optimization of LAMP Amplification of bla NDM-1
LAMP amplification of bla NDM-1 for detecting NDM-1 positive bacteria was standardized by using pNDM1 plasmid that harbours bla NDM-1 . The pNDM1 plasmid DNA was isolated from NDM-1 positive E. coli. LAMP method was developed by optimizing the reaction conditions by using the plasmid DNA as template. Efficiency of LAMP was compared with that of PCR. Nucleotide sequences of different bla NDM-1 and other related metallo-beta-lactamase and beta-lactamase genes (GeneBank Accession Nos. NC_015872, AB571289, JN377410, KF031315), NC_010498, NC_011283, NC_018080, NC_012731, NC_010468, NC_021577) were retrieved from GenBank database (www.ncbi.nlm.nih.gov) and subjected to multiple sequence alignment. A region that was unique and conserved among the bla NDM-1 genes was identified as target region. LAMP primers that were targeted to this region were designed using Primer Explorer V4 (www. primerexplorer.jp). The LAMP primers consisted of two outer primers (F3 & B3) and two inner primers (FIP & BIP). FIP consists of a complementary sequence of F1 and a sense sequence of F2 and BIP consists of a complementary sequence of B2 and a sense sequence of B1. These primers are capable of recognizing six unique regions within the target DNA (Fig. 1) .
LAMP was carried out in a final volume of 25 ll containing 5 pmol F3 and B3 primers, 40 pmol FIP and BIP primers, 0.5 ll of 10 mM dNTP, 20 mM Tris-HCl, 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 8 mM MgSO 4 , 0.1 % Tween 20, 8U Bst DNA polymerase and varying quantities of pNDM1. LAMP reactions were performed isothermally at 65°C using a water bath. The amplified products were visualized on 2 % agarose gel, and stained with ethidium bromide. Ability of the additives to improve LAMP was evaluated by including different quantities of Dimethyl sulfoxide (DMSO) and Polyethylene Glycol (PEG) (4 and 8 KDa) in the reaction mixture. LAMP reaction was carried out for different durations to determine the minimum time needed to amplify bla NDM-1 to the detectable level.
Comparison of LAMP and PCR
Sensitivity of LAMP was evaluated by comparing it detection limit with that of PCR using different quantities of pNDM1 ranging between 1 ag and 40 ng per reaction. A set of PCR primers, NDM-1F (5 0 -CTTCCAACGGTTT GATCGTC-3 0 ) and NDM-1R (5 0 -TTGGCATAAGTCG CAATCC-3 0 ), was designed to amplify a 280 bp region of bla NDM-1 . PCR was performed in a final volume of 25 ll containing 10 mM Tris-HCl (pH 8.0), 15 mM MgCl 2 , 40 mM KCl, 0.002 % gelatin, 10 pmol forward and reverse primers, 10 mM dNTP, 1U Taq DNA polymerase and varying quantities of pNDM1. PCR amplification was carried for 35 cycles under the following conditions: 94°C for 30 s, 55°C for 30 s and 72°C for 30 s. LAMP and PCR products were analysed on 2 and 1 % agarose gel, respectively, and stained with ethidium bromide.
Screening of Environmental and Drinking Water Samples for NDM-1 Positive Bacteria

Sample Collection
In total, 81 water samples were collected from three different water sources: Drinking water that was purified by reverse osmosis before public distribution (Group I, 17 samples), drinking water that was chlorinated before public distribution (Group II, 43 samples) and environmental water from lake (Group III, 21 samples). The samples were collected in sterile tubes and stored at -20°C until the study.
Culturing of Water Samples and DNA Isolation
The water samples (1 ml) were inoculated in 10 ml of Luria-Bertani (LB) broth containing vancomycin (100 mg/ L), kanamycin (50 mg/L) and cefotaxime (50 mg/L), and incubated at 37°C for 16 h. Total DNA was isolated from the samples that showed bacterial growth and used as template for PCR and LAMP amplification of bla NDM-1 .
Sample Preparation for Non-Culture Amplification of bla NDM-1
The water samples were filtered through 0.2 lm Whatman filter paper. These filter papers were chopped into pieces 
Results and Discussion
The bla NDM-1 genes from different species of bacteria showed 100 % identity among them but they showed only lower identity with the other metallo-beta-lactamase and beta-lactamase genes. Therefore, a 203 bp sequence from E. coli that is conserved and unique to NDM-1 gene was used as target region for designing LAMP primers. The genomic position and the sequence of LAMP primers are shown in Fig. 1 . The FIP and BIP primers recognize both sense and anti-sense strands and creates loop like structure during the amplification. Two outer primers (F3 and B3) displace the synthesized strand with the help of Bst polymerase. LAMP amplification of bla NDM-1 failed under the standard conditions. It is reported that, amplification of DNA improves in the presence of additives like Dimethly sulfoxide (DMSO), PEG [21] [22] [23] . Therefore, the effect of DMSO, PEG 4KDa and PEG 8KDa on the efficiency of LAMP was assessed. Though amplification was improved with both additives, DMSO at a concentration of 5 % (v/v) found to be the best in amplifying the target region in bla NDM-1 (Fig. 2) . Subsequently, all the LAMP reactions were performed with 5 % (v/v) DMSO. Then, LAMP was performed for different durations to find out the minimum time needed to detect the NDM-1 positive bacteria. The results showed that LAMP needed only 45 min to amplify bla NDM-1 to the detectable amount (Fig. 3) , and amplification continued to higher magnitudes at 60 min and 90 min also. Subsequently, all LAMP reactions were performed for 60 min. Group I-drinking water that was purified by reverse osmosis before public distribution, Group IIdrinking water that were chlorinated before public distribution, Group III-environmental water from lake; Growth?-number of samples shown growth in presence of antibiotics, PCR?-number of water sample shown positive amplification by PCR, LAMP?-number of water samples shown positive amplification for bla NDM-1 by LAMP
Comparison of LAMP and PCR
Sensitivity LAMP over PCR was tested by using different quantities of pNDM1 under the standardized reaction conditions. While LAMP was able to detect bla NDM-1 up to one femtogram of plasmid DNA, PCR failed after one picogram (Fig. 4) . It is well known that bla NDM-1 gene is plasmid borne, and the size of the carrier plasmid was reported to vary between 35.9 and 353.4 kb. Accordingly, the femtogram level sensitivity of LAMP translates into a detection limit of 2.62-25.8 copies. Recently it was reported that some plasmids may carry multiple copies of bla NDM-1 which should also be taken into consideration while estimating the detection limit of LAMP [24] . We observed that LAMP was 1000 time more sensitivity than PCR in detecting NDM-1 positive bacteria. Similar level of sensitivity was reported in detecting Neisseria meningitidis from the cerebrospinal fluid of humans [25] , and Arcobacter species from infected chicken tissues [26] . The increased sensitivity of LAMP is attributed to the tolerance of the Bst DNA polymerase to the impurities that co-purify along with the template DNA [27, 28] , and its ability to accumulate more than 10 9 copies of the amplicons in less than an hour [12] . With specific reference to the LAMP based detection of NDM-1, the current study reports higher sensitivity and lesser reaction time compared with the earlier report [20] . While we have used plasmid DNA as template Liu et al. [20] have used genomic DNA, which is relatively more complex. Further, we have used 5 % DMSO, which is reported to enhance primer annealing and amplification efficiency with GC rich templates [21] [22] [23] .
Screening of Drinking and Environmental Water Samples for NDM-1 Positive Bacteria
The objective of this study was to develop a LAMP based method for the detection of NDM-1 positive bacteria in drinking and environmental water sources without culturing them. DNA was extracted directly from 81 water samples without culturing, and was used as template for LAMP and PCR. Three drinking water samples (Group II) were tested positive only by LAMP (Table 1) . These samples were collected from the water sources that were treated with chlorine for decontamination before public distribution. Similarly, Walsh et al. [2] have detected NDM-1 positive bacteria in two out of fifty drinking water sources that were screened using microbiological method followed by PCR confirmation. In both PCR and LAMP, NDM-1 positive bacteria were not detected in lake water samples (Group III) or in the drinking water samples that were purified by reverse osmosis before public distribution (Group I). To reinforce the above results, all the water samples were cultured in the presence of antibiotics, and the growth was observed after the incubation period. Only those three samples that were tested positive in non-culture LAMP method, showed growth after the incubation period. Presence of NDM-1 positive bacteria in these cultures was again confirmed by LAMP. These results established that LAMP could be used as an efficient non-culture method for detecting NDM-1 bacteria.
The above results show that LAMP is a sensitive, rapid and safe method for detecting NDM-1 positive bacteria. Simplicity of this method makes it more useful for 
